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Introduction

Summary

¢ New tools were developed for the study of the endophytic development of the
fungal species Fusarium equiseti and Pochonia chlamydosporia in barley (Hordeum
vulgare) roots. These were applied to monitor the host colonization patterns of these
potential candidates for biocontrol of root pathogens.

¢ Molecular beacons specific for either F. equiseti or P. chlamydosporia were designed
and used in real-time polymerase chain reaction (PCR) quantification of fungal
populations in roots. Genetic transformation of isolates with the green fluorescent
protein (GFP) gene was carried out using an Agrobacterium tumefaciens-mediated
transformation protocol, and spatial patterns of root colonization were investigated
by laser confocal microscopy.

¢ Quantification of endophytes by real-time PCR in roots of barley gave similar
results for all fungi, and was more accurate than culturing methods. Conversely,
monitoring of root colonization by GFP-expressing transformants showed differences
in the endophytic behaviours of the two species, and provided evidence of a plant
response against endophyte colonization.

e Both F. equiseti and P. chlamydosporia colonized barley roots endophytically,
escaping attempts by the host to prevent fungal growth within root tissues. This
strongly supports a balanced antagonism between the virulence of the colonizing
endophyte and the plant defence response. Development of real-time PCR
techniques and GFP transformants of these fungal species will facilitate future work
to determine their biocontrol capacity.

around the world (Kerry, 1993). However, P chlamydosporia
has also been found to parasitize phytopathogenic fungi

Fusarium equiseti and Pochonia chlamydosporia (formerly
Verticillium chlamydosporium) are two soil-inhabiting fungal
species that colonize plant roots. Fusarium equiseti has been
characterized as a natural root endophyte (Macid-Vicente
et al., 2008a) with the capacity to colonize plant roots and
with properties that could make it a promising candidate for
biological control of root pathogens and nematodes (Nitao
et al., 2001; Horinouchi ez al., 2007; Macid-Vicente et al.,
2008b). Fusarium equiseti has also, however, been described
as a plant pathogen with potential to control parasitic
plants such as Striga hermonthica (Kirk, 1993). Pochonia
chlamydosporia is a parasite of nematode eggs with a wide
occurrence in cyst and root-knot nematode-infested soils
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(Jacobs et al., 2003; Monfort et /., 2005) and to colonize
barley (Hordeum vulgare) and tomato (Solanum lycopersicum)
roots endophytically under laboratory conditions (Bordallo
et al., 2002; Lopez-Llorca et al, 2002). Furthermore,
colonization of roots by this fungus may promote growth of
the host plant (Monfort ez al., 2005; Siddiqui & Akhtar,
2008). When considered together, these properties make
P chlamydosporia a potential biocontrol agent for both
disease-causing fungi and plant-parasitic nematodes.
Endophytism, the capacity of an organism to colonize
tissues of a host plant without causing disease symptoms, is a
complex process influenced by several physiological and
environmental factors. The effective establishment of a plant—
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fungal endophyte relationship has frequently been shown to
produce benefits for the plant, such as alleviation of biotic and
abiotic stresses, or growth promotion (Schulz & Boyle, 2005,
and references therein). However, the capacity of a fungus
to develop within the plant tissues also provides it with an
increased fitness due to ease of finding nutrients, suitable
environmental conditions, and avoidance of the microbial
antagonism it would experience outside of the plant. Thus,
root endophytism would provide a stable source of inoculum
to sustain the populations of a potential biocontrol organism
in the rhizospheric soil, where it is intended that it should
carry out its biocontrol activity.

Recent investigations using culturing techniques in
our laboratory have revealed that both F equiseti and
P chlamydosporia are able to colonize barley roots and persist
for long periods as stable endophytes in potted plants,
conferring benefits on their hosts (J. G. Macid-Vicente et 4l.,
unpublished). Nevertheless, the study of fungal colonization
of roots using classical cultivation techniques under nonaxenic
conditions is difficult and, in many cases, does not provide
a good descriptor of the rhizosphere competence of a given
fungus. A high frequency of isolation (or re-isolation, after an
artificial infection of the host plant) of a fungal species does
not necessarily correlate with a high degree of colonization,
and vice versa (Schulz & Boyle, 2005). Other classical
approaches used to study root colonization, such as con-
ventional microscopy techniques, also have limitations.
Therefore, newer, more efficient methodologies need to be
optimized for the study of root endophytes in order to
determine their efficacy as biocontrol agents. Real-time
polymerase chain reaction (PCR) is currently the most accurate
method for quantifying fungal colonization of host tissues
(Schena ez al., 2004; Schulz & Boyle, 2005). This methodology
has successfully been employed for this purpose, mostly to
detect or quantify phytopathogenic fungi (Winton et al.,
2002; Gao et al., 2004; Schena et al., 2004), but also mycor-
thizas (Gamper ez al., 2008; Hortal ez a/., 2008) and other
endophytes (Deshmukh ez al., 2006). Green fluorescent
protein (GFP) tagging of genetically transformed fungal
species is a breakthrough in microscopical detection of endo-
phytes within host tissues (Bloemberg 8 Camacho-Carvajal,
2006) because it allows live-cell imaging of fungal coloniza-
tion, enabling the spatial and temporal dynamics of fungal
colonization to be studied. The recent development of
Agrobacterium tumefaciens-based transformation protocols for
filamentous fungi provides increased transformation yields
and stability of transformants compared with other transfor-
mation methods, and has increased the number of successfully
transformed fungal species (de Groot ez al., 1998; Rho et al.,
2001; Sesma & Osbourn, 2004; Sugui et al., 2005; Fang
et al., 2006).

In the present work, we have adapted the above-mentioned
methodologies for detection and quantification of F equiseti
and P chlamydosporia during their development as endo-
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phytes in barley roots. Primers and molecular beacons (Tyagi
& Kramer, 1996), based on the translation elongation factor
low (zef-10) gene for E equiseti, and on the alkaline serine
protease pl (vepl) gene for P chlamydosporia, were designed
and used for detection of these fungi in the barley rhizosphere.
Both zf-1¢ and wvcpl have been described as single-copy
genes (Morton et al., 2003; Geiser et al., 2004), and this may
improve the accuracy of the quantification of fungal cells
using real-time PCR. Agrobacterium tumefaciens-mediated
transformation with the GFP gene of each species was also
performed to study the batley root colonization patterns of
these fungi. These techniques will be useful for future research
on the endophytic behaviour of these biological control
agents. Here we present evidence of stable endophytic col-
onization by F equiseti and P chlamydosporia and critically
evaluate these methods for studying the endophytic and
biocontrol potential of these fungal species.

Materials and Methods

Fungal isolates, bacterial strains and plant
material

Fusarium equiseri (Corda) Saccardo isolates 10/3.3.1 (Fe10331)
and 45/1.2.1 (Fe45121), and Pochonia chlamydosporia
(Goddard) Zare & Gams isolates 123 (Pc123) and INEM-
VC-21 (Pc21) were used for real-time PCR probe design
and detection experiments. Fusarium equiseti isolate Fe10331
and P chlamydosporia isolate Pc123 were used for A. tumefaciens-
mediated genetic transformation with the GFP gene.
Fusarium equiseti Fe10331 and Fe45121 were isolated from
roots of natural vegetation growing on a sandy soil and a salt
marsh in southeast Spain, respectively (Macid-Vicente ez al.,
2008a). For molecular beacon specificity assays on F equiseti,
genomic DNA was extracted from the following Fusarium
isolates: Fusarium avenaceum subsp. aywerte Sangal. & L.W.
Burgess 19/1.2 (Fal912), E equiseti 28/3.2.1 (Fe28321)
and 50/1.1.1 (Fe50111), Fusarium globosum Rheeder,
Marasas & PE. Nelson 16/1.3.1 (Fgl6131), Fusarium hostae
Geiser & Juba 27/1.3.1 (Fh27131), Fusarium negundinis
Sherb. 15/2.3.1 (En15231), Fusarium oxysporum Schlechtend.
emend. Snyder & Hans 5.4 (Fo54) and 13.1 (Fol31),
Fusarium proliferatum (Matsush.) Nirenberg ex Gerlach &
Nirenberg 63/1.3.2 (Fp63132), Fusarium redolens Wollenw.
60/2.1.1 (Fr60211), and Fusarium solani (Mart.) Sacc. 3/1.6.1
(Fs3161) and 30/2.1.1 (Fs30211) (Macid-Vicente et al., 2008a).
Pochonia chlamydosporia Pc123 was isolated from infected
Heterodera avenae eggs (Lopez-Llorca & Duncan, 1986).
Pc21 was a kind gift from Dr A. Ciancio (Istituto per la
Protezione delle Piante, Consiglio Nazionale delle Ricerche,
Bari, Italy). The specificity of P chlamydosporia molecular
beacons was tested using genomic DNA of the isolates Pochonia
rubescens Zare, W. Gams & Lopez-Llorca 10 (Pr10), Lecani-
cillium dimorphum (J.D. Chen) Zare & W. Gams 139 (Ld139),
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Table 1 Primers and molecular beacon probes used for quantification of fungal colonization of barley (Hordeum vulgare) roots by real-time PCR

Fungus Primers/probe Sequence (5’'—3’) Target DNA  Amplicon size (bp)
Fusarium equiseti EFEQ-F’ AGGTTGGTTTCCATTTTC

EFEQ-R? CGAGTAGCGGGGTATA

MBFEQ? FAM-ccgcgggACTGAATATGCGCCTGTTACcccgegg-TAMRA tef-1a 154
Pochonia chlamydosporia SPC-F' CGTTTCCCAGGACTACAAGA

SPC-R? CGGCAACTGAGAGGAAGA

MBPC3 FAM-ctcgcccGGTGCCATTGCTTCCATGAGTCgggcgag-TAMRA  vepl 136

"Forward primer. 2Reverse primer. 3Molecular beacon probe. GC-rich stems are shown in lowercase letters. tef-1 ¢, translation elongation factor

1a; vepT, alkaline serine protease p1.

and Lecanicillium cf. psalliotae (Treschew) Zare & W. Gams
197 (Lp197).

The fungi tested, from the culture collection of the
Laboratory of Plant Pathology (University of Alicante, Ali-
cante, Spain), were grown at 22°C on corn meal agar (CMA;
BBL, Sparks, MD, USA). DNA extractions from fungal
mycelium were performed as described in O’Donnell ez .
(1998), with slight modifications.

Agrobacterium tumefaciens AGL-1 (Lazo et al., 1991)
strains including the vector pPCAMBGEFP (Sesma & Osbourn,
2004) or pFBENGEFP (Fang ez al., 2006) were used for
Fel0331 and Pc123 genetic transformation, respectively.

Barley (Hordeum vulgare L. var. disticum) was used as the
host plant for root inoculation experiments.

Detection of F. equiseti and P. chlamydosporia
endophytes by real-time PCR

Design of molecular beacons To design primers and molecular
beacon probes for detection of £ equiseti by real-time PCR,
87 Fusarium tef-10¢ gene region sequences (GenBank
accession numbers DQ854847-DQ854941) obtained by
Macié-Vicente ez al. (2008a) were aligned using the CLustaL
W multiple alignment tool (Thompson et al., 1994) and
optimized manually. Forward and reverse primers to amplify
a 154-bp fragment of the gene and an internal 19-bp sequence
were designed in conserved regions for F equiseti.

Pochonia chlamydosporia primers and probe design were
based on the vep! gene. The complete sequence of this
gene for isolate Pc123 was first obtained. Primers VCP-1F
(5’-GAACTCCTCATCCCGCTGATT-3") and VCP-1R
(5’-GAAACTCTGGTAGATTCTTAT-3") were used to
amplify, by PCR, a 2260-bp fragment containing the vep!
gene, using the following temperature cycles: an initial
denaturation step at 95°C for 5 min, 35 cycles of denaturation
at 95°C for 30 s each, annealing at 55°C for 20 s, and extension
at 72°C for 3 min, and a final extension step at 72°C for
5 min. Amplification reactions were performed in a total
volume of 40 pl containing: 1X Flexi buffer, 2 mM MgCL,,
0.2 mM dNTP, 0.5 pM of each primer, 100 ng of DNA
template and 2.5 units of 72g DNA polymerase (Promega
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Corp., Madison, W1, USA). The amplification product was
loaded onto a 0.8% agarose gel stained with SYBR Green I
(Sigma, St Louis, MO, USA) and viewed under ultraviolet
light. The PCR product was purified using QIAquickPCR
(Qiagen, Crawley, UK) columns and sequenced using both
VCP-1F and VCP-1R primers, and the internal primers
VCP-3F (5-TGCAACTGTCTGTTCTTCTC-3") and
VCP-3R (5"-CCAAGTAGAGAGAATGGCAC-3'). Gen-
erated sequences were edited and a contig sequence con-
structed using the BioEdit Sequence Alignment Editor (Hall,
1999). The vep! sequence from P chlamydosporia Pc123 was
entered in GenBank with the accession number FJ009628.
This sequence was used as a query in the BLAST tool at
GenBank, and the resulting database matched sequences
(including other P chlamydosporia vepl sequences) were
included in the analysis. Sequences were aligned using the
CrustaL W multiple alignment tool and optimized manually.
Conserved regions for P chlamydosporia only were selected
for primer design defining a 136-bp region, and an internal
23-bp sequence with complete homology to P chlamydosporia
sequences was selected to construct a molecular beacon
probe.

Two complementary 7-bp long-arm GC-rich sequences
were added to either side of each probe sequence. Fluorogenic
probes were labelled at their 5" ends with the fluorescent
reporter dye fluorescein (FAM), and the 3" end was modified
with the quencher dye tetramethyl-6-carboxyrhodamine
(TAMRA) (Sigma-Genosys, Saint Quentin Fallavier, France).
Primer and probe sequences are described in Table 1.

Specificity of primers and probes The specificity of primers
for F equiseti based on ref-10r was checked by conventional
PCR using genomic DNA from isolates Fe10331, Fe45121,
Fal912, Fe28321, Fe50111, Fgl6131, Fh27131, Fnl5231,
Fo54, Fol31, Fp63132, Fr60211, Fs3161 and Fs30211.
Amplification reactions were performed in a total volume of
25 pl containing: 1x Flexi buffer, 2 mM MgCl,, 0.2 mM
dNTR 0.5 pM of each of the primers EFEQ-F and EFEQ-R,
10 ng of DNA template and 1 unit of 7zg DNA polymerase
(Promega Corp.). In negative controls, genomic DNA was
replaced by water to rule out contamination. Temperature
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cycles were carried out in a PTC-100 Thermal cycler (M]
Research, Waltham, MA, USA) with the following steps: an
initial denaturation step at 94°C for 5 min and 40 cycles of
denaturation at 94°C for 30 s, annealing at 57°C for 30 s, and
extension at 72°C for 20 s. Positive amplification controls
from fungal DNA were performed with primers EF1 and
EF2, which generate a ¢. 700-bp product from the tef 1o
gene region (Geiser ¢t al., 2004). An aliquot of 4 pl of
amplification products was separated on a 2% electrophoresis
agarose gel stained with SYBR Green I and photographed
under ultraviolet light. The specificity of the SPC-F/SPC-R
primer set was checked using genomic DNA from isolates
Pc123, Pc21, Pr10, Ld139, Lp197, Fel0331 and Fe45121,
with the same conditions as for £ eguiseti primers except that
the annealing temperature was 59°C instead of 57°C. In this
case, positive amplification controls were performed with the
primer set ITS4/ITSIF for the fungal internal transcribed
spacer (White ez al., 1990; Gardes & Bruns, 1993).
Specificity tests were repeated using real-time PCR for
those Fusarium isolates that generated the respective 154-bp
product with EFEQ-F/EFEQ-R, and for all isolates used
for the SPC-1F/SPC-1R primer set. The reaction mix
was the same as described in the previous paragraph, but
included 0.5 pM of the corresponding molecular beacon.
Temperature cycles, under the same conditions as described in
the previous paragraph, were performed in an ABI Prism
7000 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA), with recording of fluorescence during
the annealing step. Each reaction was performed in triplicate.
The cycle threshold (C) value (defined as the cycle number
at which a statistically significant increase in the reporter
fluorescence can be detected) for each PCR was calculated
and analysed using the ABI PrisM SEQUENCE DETECTION
software (version 1.2.3). All conventional PCRs and real-time
PCRs were performed at least twice with the same results.

Inoculation of fungi into barley roots for real-time PCR
quantification Barley roots were either inoculated with
Fe10331, Fe45121, Pcl123 or Pc21, or inoculated with
noncolonized CMA plugs (controls) as in Bordallo ez al.
(2002). Briefly, barley seeds were surface-sterilized using
5% NaOCl and germinated for 2 d in germinating medium
(Bordallo e 4l., 2002). Seedlings free from contaminants were
placed axenically in 50-ml autoclaved culture tubes (one per
tube) with 30 ml of sterile, distilled water-saturated vermiculite.
Fungi were inoculated using four 5-mm-diameter CMA plugs
from the borders of 2-wk-old colonies, placed 10 mm deep
and mixed with the vermiculite. In control treatments, barley
roots were inoculated with four noncolonized CMA plugs.
Tubes were incubated at 23°C with a photoperiod of 16 : 8 h
(light:dark).

Forty barley plants per treatment were sampled 7 d after
inoculation (dai) and root systems were separated from the
aerial parts of the plants. For each treatment, half of the roots
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(from 20 plants) were unsterilized while the remainder were
surface-sterilized for 1 min in 1% NaOCI, followed by three
rinses (1 min each) in sterilized distilled water and blotted
dry onto sterile filter paper. To check that the roots had been
effectively surface-sterilized, they were imprinted onto CMA
medium to check for fungal propagules on the root surface.
Ten plants per treatment were used to assess fungal root
colonization by culturing techniques, and the remaining
material was stored at —=76°C for subsequent DNA extractions.
For each plant, either unsterilized or surface-sterilized roots
were cut into ¢. 1-cm-long pieces, and 10 root pieces per plant
and treatment were plated on Petri dishes containing CMA.
Plates were incubated at 22°C in the dark and examined after
7 d for fungal growth. The percentage of root pieces colonized
by each fungus was recorded and statistically analysed using
the Kruskal-Wallis rank sum test (P = 0.05).

Root DNA extraction An aliquot of 1-1.5 g of 7-d-old
barley root tissue, either unsterilized or surface-sterilized
(three replicates per treatment), was ground in liquid nitrogen
and DNA was extracted in 4 ml of CTAB (100 mM Tris-
HCI pH 8.4, 1.4 M NaCl, 25 mM EDTA, and 2 %
hexadecyl-trimethyl-ammonium bromide) extraction buffer
containing 2% low-weight polivinylpyrrolidone (PVP)
at 65°C for 1 h. Extracts were purified in 1 volume of
phenol—chloroform—isoamyl alcohol (IAA), 25:24 : 1, and
then in 1 volume of chloroform-IAA, 24 : 1, and precipitated
with 1 volume of isopropanol. DNA pellets were washed
twice in 70% ethanol, air-hood-dried and resuspended in
1x TNE buffer (10 mM Tris-HCI pH 7.4, 200 mM NaCl,
and 1 mM EDTA). Ribonuclease A (Sigma) was added to
each treatment and tubes were kept for 30 min at 37°C.
Extracts were again purified in phenol—chloroform-IAA and
chloroform—IAA and precipitated in 2 volumes of absolute
ethanol. Pellets were washed twice in 70% ethanol and
allowed to dry, and finally DNA was resuspended in 1x TE
buffer (10 mM Tris-HCI pH 8, and 1 mM EDTA). The
DNA was visualized in 0.8% agarose gels stained with SYBR
Green I under ultraviolet light, quantified using Hoechst
fluorochrome and calf thymus DNA according to Ausubel
et al. (2002), and stored at 4°C until use.

Real-time PCR quantification of F equisetiand P. chlamy-
dosporia in roots Positive amplification of root DNA was
tested by conventional PCR with a primer set (which we
termed HvUB-F and HvUB-R) which amplifies a ¢. 220-bp
product from the barley ubiquitin gene (Deshmukh ez a/.,
2006). Real-time PCRs for quantification of Fel0331,
Fe45121, Pc123 and Pc21 in both unsterilized and surface-
sterilized 7-d-old barley roots were carried out using the
same conditions as described in ‘Specificity of primers and
probes’ earlier in this section, with the respective primers and
probes for each fungal species. A total amount of 40 ng of root
DNA was included as a DNA template in each reaction. For
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construction of calibration curves, reaction wells containing
10, 1, 0.1, 0.01 and 0.001 ng of total genomic DNA from
E equiseti or P chlamydosporia were included, respectively.
Each reaction was performed in triplicate. C, values from
reactions containing fungal DNA only were correlated with
the amount of DNA, and C, values obtained for wells
containing root DNA were interpolated in calibration curves
to calculate the quantity of fungal DNA with respect to the
total. Quantification of fungal DNA from root extracts was
performed at least twice with the same results. To compare
fungal colonization among treatments, a one-way ANOVA
was applied assuming P < 0.05.

Genetic transformation of endophytes with GFP

Agrobacterium tumefaciens-mediated fungal transformation
Genetic transformations mediated by A. tumefaciens were
performed as in Rho eral. (2001), with modifications.
Agrobacterium  tumefaciens AGL-1 containing either
pCAMBGEFP or pFBENGFP was cultured on Luria Broth
(LB) medium (1% tryptone, 0.5% yeast extract, 1%
NaCl, pH 7.5) supplemented with 100 pg ml™! kanamycin,
and incubated at 28°C with shaking at 250 rpm for 16-20 h
to reach an optical density (ODy,) ~0.15. Bacterial cells in
a 200—400-pl aliquot of this culture were harvested and LB
medium removed by centrifugation. Cells were subsequently
resuspended in 5 ml of A. tumefaciens induction medium (AIM)
and grown for an additional 16-20 h to reach an ODy,,
~0.5-0.6 before mixing with an equal volume of a conidial
suspension of the respective fungus (5 X 10° conidia ml™).
The bacteria-conidia mix was plated onto nitrocellulose filters
(0.45 pm pore size and 45 mm diameter; Whatman, Kent,
UK) on modified solid AIM medium in the presence or
absence of 200 pM acetosyringone (AS, Fluka, St Gallen,
Switzerland). Co-cultivation plates were incubated at 24°C
for a minimum of 48 h and then nitrocellulose filters were
transferred to selection plates containing potato dextrose agar
(PDA; Oxoid, Hampshire, UK) supplemented with 400 pg ml™
cefotaxime, 100 pg ml™! carbenicillin and 60 pg ml™" strep-
tomycin (Sigma) in order to eliminate A. rumefaciens cells, and
the respective selective agent for fungal transformants
(250 pg ml™! hygromycin B (A.G. Scientific, San Diego,
CA, USA) for E equiseti and 100 pg ml™! benomyl (Sigma)
for P chlamydosporia). Selection plates were incubated at
24°C for colony development, and individual transformants
were subcultured onto fresh PDA plates with the respective
selective agent. To create mono-conidial cultures, conidia
from each transformant were suspended with sterile water and
plated onto new PDA medium under selection. GFP expression
of transformants was assessed by fluorescence microscopy
with appropriate filters.

Characterization of transformants To determine the mitotic

stability of the transformants, they were subcultured onto
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PDA for five consecutive generations in the absence of their
respective selective agent. They were then tested for resistance
on PDA supplemented with either 100 pg ml™ hygromycin
B (E equiseti) or 50 pug ml™! benomyl (P chlamydosporia).
Stable transformants were used for growth habit characteriza-
tion on PDA (growth rate and sporulation) and barley root
colonization in vermiculite tubes using culture methods
described in ‘Inoculation of fungi into barley roots for real-time
PCR quantification’ earlier in this section. Genomic DNA
from the mycelium of each transformant was extracted as
previously described (O’Donnell et al., 1998) and integration
of the T-DNA in the fungal genome was assessed by PCR
amplification of the respective GFP gene using primers
GFP-1 and GFP-2 (Lee et al., 2002). One stable transformant
for both Fe10331 (Fe10331gfp) and Pc123 (Pc123gfp) was

selected for root inoculation and microscopy experiments.

Barley root inoculation and laser scanning confocal micro-
scopy Barley roots were either inoculated with Fe10331gfp
or Pc123gfp, or left uninoculated (controls), and plants were
grown as described in ‘Inoculation of fungi into barley
roots for real-time PCR quantification’ earlier in this section.
Three plants for each treatment were sampled 3, 5 and 7 dai
and processed for laser scanning confocal microscopy. Whole
roots or longitudinal 50-pm-thick root cryosections (obtained
using a Leica CM1510 cryostat; Leica Microsystems,
Wetzlar, Germany) were examined in a Leica DM IRBE2
confocal microscope to analyse the dynamics of root
colonization by GFP-expressing transformants. The GFP
was excited with a 488-nm laser, and fluorescence was
detected at 505-530 nm. Autofluorescence of root cell walls
was excited with a 488-nm laser and detected at 580-620 nm.

In a different experiment, inoculated barley roots were
sampled 3, 5 and 7 dai, cryosectioned as described in the previous
paragraph and stained with the endocytotic lipophilic tracker
FM4-64 (Invitrogen, Paisley, UK; catalogue no. 13320) for
membrane labelling and detection of nonviable hyphae. Before
the observation, root sections were incubated in a 10 pM
FM4-64 aqueous working solution for 30 min. Dual labelled
samples were simultaneously excited with 488-nm and 543-nm
laser lines, and GFP emission fluorescence was detected
as previously described. FM4-64 emission fluorescence
overlapped with the plant cell wall autofluorescence, as they were
both detected at 580-620 nm. However, as partial FM4-64
emission fluorescence was also detected at 620—-675 nm
this wavelength was used to avoid signal overlapping.

Results

Real-time PCR quantification of fungal root
colonization

Specificity of primers and probes Primers EFEQ-F/EFEQ-R
generated a specific 154-bp DNA product for all four
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Fig. 1 Results of specificity assays for primers and probes. (a) Amplification by conventional PCR of DNA extracted from pure cultures of
different Fusarium species to assess the specificity of EFEQ-F/EFEQ-R primers, showing a specific 154-bp product for Fusarium equiseti. Primers
EF1/EF2 (Geiser et al., 2004) were used as a positive control for amplification. (b) PCR amplification of DNA extracted from pure cultures of
different species to assess the specificity of SPC-F/SPC-R primers, showing the 136-bp product for Pochonia chlamydosporia and Pochonia
rubescens. Primers ITS4/ITS1F (White et al., 1990; Gardes & Bruns, 1993) were used as a positive control for amplification. (c) Real-time PCR
amplification and fluorescence readings (Delta Rn) of DNA extracted from pure cultures of F. equiseti and other Fusarium species which yielded
amplification in previous assays, to assess the specificity of MBFEQ. The horizontal solid line indicates the cycle threshold (C). (d) Real-time
PCR amplification and fluorescence readings of DNA extracted from pure cultures of P. chlamydosporia and other species included in previous
assays, to assess the specificity of MBPC. The horizontal solid line indicates the C,. L(100bp), 100-bp ladder; Fe10331, Fusarium equiseti
10/3.3.1; Fe45121, F. equiseti 45/1.2.1; Fe28321, F. equiseti 28/3.2.1; Fe50111, F. equiseti 50/1.1.1; Fa1912, Fusarium avenaceum subsp.
aywerte 19/1.2; Fg16131, Fusarium globosum 16/1.3.1; Fh27131, Fusarium hostae 27/1.3.1; Fn15231, Fusarium negundis 15/2.3.1; Fo54,
Fusarium oxysporum 5.4; Fo131, F. oxysporum 13.1; Fp63132, Fusarium proliferatum 63/1.3.2; Fr60211, Fusarium redolens 60/2.1.1; Fs3161,
Fusarium solani 3/1.6.1; Fs30211, F. solani 30/2.1.1; Pc123, Pochonia chlamydosporia 123; Pc21, P. chlamydosporia INEM-VC-21; Pr10,

P. rubescens 10; Ld139, Lecanicillium dimorphum 139; Lp197, Lecanicillium psalliotae 197; NTC, nontemplate control.

F equiseti isolates included in the assay. Such a 154-bp Detection of the amplification products of a selection of
product was also detected, but at a lower intensity, in isolates ~ Fusarium isolates (those that generated the specific 154-bp
E proliferatum Fp63132, E redolens Fr60211 and E solani ~ product by conventional PCR) by means of real-time PCR,
Fs3161. The primers did not generate the good-sized-amplicon ~ using the probe MBFEQ), yielded C values of 21.6 £0.29
for the rest of the Fusarium isolates included in the test and 22.9%0.36 for Fel0331 and Fe45121, respectively,
(Fig. 1a). Primers SPC-F/SPC-R produced a 136-bp amplicon ~ whereas no significant increase of fluorescence was observed
in the agarose gel for the P chlamydosporia isolates Pc123 for the other isolates included in the test (Fig. 1c).

and Pc21, and the P rubescens isolate Pr10. The product also Real-time PCR with primers SPC-F and SPC-R and probe
appeared as a lower intensity band for both F equiseti  MBPC detected both P chlamydosporia isolates, with C
isolates, but not for the Lecanicillium spp. (Fig. 1b). values of 23.7 = 0.07 for Pc123 and 24.3 £ 1.1 for Pc21
www.newphytologist.org © The Authors (2009)
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(Fig. 1d). Amplification for P rubescens Pr10 was detected at
cycle 35.6 £ 0.11 (Fig. 1d), despite the fact that in agarose gels
the amplicon intensity was similar to that observed for both
P chlamydosporia isolates (Fig. 1b). No PCR products were
detected for the remainder of the isolates, including reactions
for F equiseti Fe10331 and Fe45121, which had generated a
weak amplification product in the conventional PCR assay
of approximately 136 bp. The PCR amplification product
obtained for Pr10 was purified from the agarose gel and
sequenced using both primers SPC-F and SPC-R, to compare
its nucleotide sequence with that of P chlamydosporia. The
sequence obtained (GenBank accession number FJ009629)
revealed that the target sequence for MBPC was completely
homologous to that of P chlamydosporia (data not shown).

Quantification of F equisetiand P chlamydosporiain roots
Real-time PCR amplification of root extracts with respective
primers and probes yielded no significant production of
amplicons for control treatments (uninoculated plants), for
both unsterilized and surface-sterilized roots (Fig. 2a,b).
For treatments in which roots were inoculated with either
F equiseti or P chlamydosporia, C, values were always achieved
earlier for unsterilized roots (C. values of 26.2-27.7 for
F equiseti, and 27.9-30 for P chlamydosporia) than for
surface-sterilized roots (C, values of 28.8-30.9 for F equiseti,
and 31.2-34.6 for P chlamydosporia), indicating a higher
amount of initial target DNA in the former. Amplification
of standard DNA for construction of calibration curves was
performed as for the root extracts. Adequate correlations of
DNA quantity versus C. in standard reactions for £ equiseti
(Fig. 2¢) and P chlamydosporia (Fig. 2d) were obtained,
demonstrating the accuracy of the PCR-based quantification.
We detected quantities as small as 1 pg of F equiseti target
DNA, and 10 pg for P chlamydosporia. Quantification of
fungal target DNA with respect to the total genomic root
DNA showed that overall colonization of the root
(unsterilized roots) was statistically similar (P < 0.05) for
all isolates, with values that ranged from 5.07 £ 1.4 to
10.59 +£2.77 ng of target DNA per 100 ng of total DNA
(Fig. 2e). Colonization of the internal root was also similar
(P<0.05) for all F equiseti and P chlamydosporia isolates,
with values between 0.46 £ 0.05 and 1.06 £ 1.15 ngof target
DNA per 100 ng of total DNA (Fig. 2¢). Quantification of
root colonization using culturing techniques showed that all
unsterilized root fragments were colonized by the respective
fungus, and endophytic colonization of roots was also
statistically similar (P < 0.05) for all isolates tested (Fig. 2f).
Colonization ratios of surface-sterilized:unsterilized barley
roots were assessed with both techniques. These analyses
showed that P chlamydosporia Pc21 yielded the lowest
proportion of endophytic growth versus overall growth (0.05
for real-time PCR, and 0.12 for culturing methods), followed
by E equiseti Fe10331 (0.07 and 0.13, respectively) (Fig. 2e,f).
When colonization was assessed by real-time PCR these ratio

© The Authors (2009)
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values were lower (P < 0.01) for all isolates except £ equiseti
Fe45121 than when using culturing methods (Fig. 2e,f).

Genetic transformation and root colonization by
transformants

Characterization of transformants A total of 26 hygromycin
B resistant colonies developed from selection plates for
E equiseti Fe10331 transformants. All transformants displayed
GFP expression when observed with an epifluorescence
microscope, in contrast to the wild type (wt). Assessment
of mitotic stability revealed that all of the transformants
maintained resistance to hygromycin B after five generations
in the absence of selection. All transformants presented a
growth habit on PDA similar to that of the wt (data not
shown). After these assays, two transformants showed intense
fluorescence emission when observed by epifluorescence
microscopy (Fig. 4a), and one of them (Fe10331gfp) was
selected for further study.

Up to 200 colonies developed from selection plates with
benomyl for transformed P chlamydosporia Pc123, although
few of them showed fluorescence. Therefore, we assessed GFP
expression in the 30 fastest developing colonies. Only five
isolates showed mitotic stability after five generations in the
absence of benomyl, and these had a growth habit similar to
that of the wt. From these, only one (Pc123gfp) presented
intense fluorescence emission under fluorescence microscopy
(Fig. 5a), and hence this transformant was selected for barley
root inoculation experiments. Integration of the T-DNA
in the genomes of both Fel0331gfp and Pc123gfp was
confirmed by PCR amplification of GFP with the GFP-1/
GFP-2 primer set (data not shown). In experiments for
characterization of the root colonization ability of the trans-
formants, both GFP-tagged isolates showed a comparable
capacity to colonize batley roots to that of the respective wt,
as assessed by root plating at 7 dai (Fig. 3). Furthermore,
Fe10331gfp and Pc123gfp colonies developing from roots
maintained GFP fluorescence when observed by epifluores-
cence microscopy.

Laser scanning confocal microscopy of roots Observation
of both F equiseri Fel0331gtp and P chlamydosporia
Pc123gfp in barley roots was easily achieved using laser
scanning confocal microscopy, as a result of discrimination
between GFP fluorescence and autofluorescence of the plant
cell walls by use of different detection fluorescence wavelengths.
Fel0331gfp rapidly colonized barley roots, forming an
extensive hyphal network in their upper part (closest to the
fungal inoculum) at 3 dai (Fig. 4b), with penetration of the
root epidermis at some points. The density of the outer root
mycelium decreased after 5-7 dai (Fig. 4c) and conversely
running hyphae within the root cortex became more common.
In every case, F equiseti hyphae were always detected within
the epidermal cell and outer cortical cell layers, both inter- and
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Fig. 2 Quantification of Fusarium equiseti and Pochonia chlamydosporia colonization of barley (Hordeum vulgare) roots. (a) Example of
amplification by conventional PCR with primers EFEQ-F/EFEQ-R of DNA extracted from noninoculated (control) or Fe45121-inoculated barley
roots, either unsterilised (usr) or surface-sterilized (sr). Positive amplification controls were performed with primers HvUB-F/HvUB-R (Deshmukh
et al., 2006), which amplify a c. 220-bp product from the barley ubiquitin gene. (b) Example of amplification by conventional PCR with primers
SPC-F/SPC-R of DNA extracted from noninoculated (control) or Pc123-inoculated barley roots, either unsterilized (usr) or surface-sterilized (sr).
Positive amplification controls were performed with primers HvUB-F/HvUB-R. (c) Real-time PCR quantification of F. equiseti colonization

of barley roots by plotting cycle threshold (C,) values from root extracts against the calibration curve. Each point is the average from three
reaction replicates. (d) Real-time PCR quantification of P. chlamydosporia colonization of barley roots by plotting C, values from root extracts
against the calibration curve. Each point is the average from three reaction replicates. (e) Quantification results for unsterilized (black bars) and
surface-sterilized (grey bars) barley root colonization by endophytes obtained using real-time PCR. Numbers above bars indicate the
endophytic:overall colonization ratio for each treatment. (f) Quantification of unsterilized (black bars) and surface-sterilized (grey bars)

barley root colonization by endophytes obtained using culturing methods. Numbers above bars indicate the endophytic:overall colonization
ratio for each treatment. L(100 bp), 100-bp ladder; Fe10331, Fusarium equiseti 10/3.3.1; Fe45121, F. equiseti 45/1.2.1; Pc123, Pochonia
chlamydosporia 123; Pc21, P. chlamydosporia INEM-VC-21; NTC, nontemplate control.
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Fig. 3 Comparison of the isolation percentages from either
unsterilized (usr; black bars) or surface-sterilized (sr; grey bars)
barley (Hordeum vulgare) roots at 7 d after inoculation, between
the wild-type Fe10331 and Pc123 strains, and the GFP-tagged
transformant for each species (Fe10331gfp and Pc123gfp,
respectively).

intracellularly (Fig. 4d) and in root hairs, but never reached
the root vascular system. Appressorium-like structures were
often observed (Fig. 4e) in running hyphae on plant cell walls
between neighbouring epidermal and cortical cells. In most
cases the fungus within root tissues consisted of single hyphae
crossing root cells, although some cortical cells appeared to be
completely filled with hyphae forming vesicles (Fig. 4f) or
clusters (Fig. 4g) at 5 dai. At this time, other hyphal swellings,
in most cases septate, were formed intercellularly (Fig. 4h).
These structures, which resembled chlamydospores, became
especially abundant at 7 dai.

Root colonization by Pcl123gfp started at 3 dai, with
discrete hyphal aggregates developing on the root surface
which penetrated the epidermal layers (Fig. 5¢). These always
appeared to be related to root hairs at different root depths
(even if they were more common in the upper parts of the
roots), with no evident connection between them, and
occasionally formed chlamydospores on the root surface
(Fig. 5h). This first explorative colonization developed with
an extensive mycelial coverage of the root surface at 5 and 7
dai (Fig. 5b), with an increase of penetration of the epidermal
cells (Fig. 5d). Penetration of the epidermis was often found to
be achieved through formation of appressorium-like structures
directly on the epidermal cell walls, which elicited papilla
formation on plant cell walls to prevent fungal penetration
(Fig. 5e). Although at 3 dai fungal colonization of root tissues
occurred at very low frequency, generally within the epidermal
cell layers (Fig. 5f), this became more common at 5 dai. At
this time, colonization of the epidermal and cortical cell layers
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was frequently observed, consisting mostly of intercellular
hyphae with formation of appressorium-like structures
between adjacent cells. Root colonization reached the inner
cortical cells, further than the two to three layers observed
for E equiseti (Fig. 5g), with the occasional appearance of
intracellular chlamydospores (Fig. 5i).

FM4-64 loading studies showed the presence of a
membrane sheath covering the invasive hyphae from both
E equiseti and P chlamydosporia (Fig. 6a,b). This membrane
labelling appeared primarily in recently developed hyphae
within the plant cell lumen, preventing symplastic fungal
growth, but seemed to disappear or become less evident in
older hyphae. Some root regions were filled with cellular
debris and degraded hyphae, together with other structured
nonfluorescent hyphae, which might be nonviable. The
completely internalized FM4-64 yielded different emission
patterns from those of viable hyphae, which emitted both
GFP and FM4-64 fluorescence (Fig. 6¢—¢). At 7 dai, certain
areas of the root contained mostly dead or degraded hyphae
(Fig. 6f), with abundant papillae (Fig. 6g) for both fungal
species. This was in contrast to other root regions that were more
recently colonized, which showed only GFP-expressing hyphae.

The addition of the FM4-64 dye allowed observation of
a large number of vacuolar structures, as a result of the
vacuole membrane labelling (Fig. 7). Furthermore, vacuole
contents emitted autofluorescence which could be registered at
all detection wavelengths. Such vacuoles seemed to be generated
as a plant response against fungal colonization of the roots by
both F equiseti (Fig. 7¢) and P chlamydosporia (Fig. 7b,d), as

these were absent in uninoculated controls (Fig. 7a).

Discussion

We have applied two new tools for the detection and
quantification of F equiseti and P chlamydosporia colonizing
barley roots. The use of real-time PCR with specific primers
and molecular beacon probes allowed us to quantify the
extent of the fungal colonization, both overall and in terms of
endophytic growth, of barley roots by both fungal species
more accurately than culturing methods. This is, to the best
of our knowledge, the first application of molecular beacon
probes for quantification of fungi within plant tissues,
growing either as endophytes or as pathogens (Schena ez 4l.,
2004). In spite of the advantages of this type of fluorogenic
probe in comparison to other detection methods, such as
SYBR Green I or TagMan probes (Tyagi & Kramer, 1996;
Bonnet et al., 1999), these have been more commonly used
for detection of plant viruses (Gongalves ez 4l., 2002) or
putative bacterial bioterror agents (Varma-Basil ez a/., 2004).
There is, however, a report of a previous vcp I-based molecular
beacon for detection of P chlamydosporia in soil (Rosso
et al., 2007). Quantification of P chlamydosporia in soil
has been performed in previous works using competitive

PCR (Mauchline et /., 2002) and real-time PCR with an
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Fig. 4 Laser scanning confocal microscopy of barley (Hordeum vulgare) root colonization by Fe10331gfp. (a) Fe10331gfp transformant

showing constitutive expression of the green fluorescent protein (GFP) gene. Note conidiophores (arrowhead) with fluorescent macroconidia.
Bar, 50 um. (b) Early colonization of the upper part of the roots at 3 d after inoculation (dai), with formation of an external hyphal network and
penetration of the root epidermis by single hyphae (arrowheads). Bar, 50 pm. (c) Outer and inner colonization of the upper part of the root at
7 dai, with reduction of the outer hyphal network density. Bar, 50 pm. (d) Cryosection of a barley root at 7 dai showing colonization of epidermal
and outer cortical cells. co, cortical cell; ep, epidermal cell; rh, root hair. Bar, 20 um. (e) Appressorium-like structure formed by a hypha colonizing
adjacent cortical cells at 5 dai. Bar, 5 pm. (f) Hyphal swellings appearing intracellularly in a cortical cell at 5 dai. Bar, 5 ym. (g) Single cortical cell
filled with hyphae 5 d after inoculation. Bar, 10 pm. (h) Septate hyphal swelling localized intercellularly within the root cortex at 5 dai. Bar, 15 pm.
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Fig. 5 Laser scanning confocal microscopy of barley (Hordeum vulgare) root colonization by Pc123gfp. (a) Pc123gfp transformant showing
constitutive expression of the green fluorescent protein (GFP) gene. Note conidiophores (arrowhead) with fluorescent conidia. Bar, 50 pm.
(b) Outer colonization of the root at 7 d after inoculation (dai), with formation of a hyphal network. Bar, 50 pm. (c) Penetration of root epidermal
cell layers by a group of external hyphae at 3 dai. Bar, 20 pm. (d) Massive attachment of hyphae to epidermal cell walls with penetration of
plant cell lumen at 7 dai. Bar, 10 pm. (e) Penetration of a root epidermal cell wall by an appressorium-like structure, prevented by formation of
a papilla around it. Bar, 10 pm. (f) Intracellular colonization of epidermal root layers at 3 dai. Bar, 20 pm. (g) Colonization of the root cortex at
7 dai; note intracellular colonization at deep cortical cell layers. Bar, 20 ym. (h) Production of chlamydospores (arrowhead) on the root surface
at 3 dai. Bar, 20 pm. (i) Merged brightfield and 505-530-nm laser line image of a chlamydospore within a cortical cell at 7 dai. Bar, 10 pym.
co, cortical cell; ep, epidermal cell; rh, root hair.
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Fig. 6 Laser scanning confocal microscopy of barley (Hordeum vulgare) roots colonized by either Fe10331gfp or Pc123gfp stained with
FM4-64. (a) Plant-derived membrane (arrowheads) surrounding Fusarium equiseti hyphae 3 d after inoculation (dai). Bar, 10 ym. (b) Pochonia
chlamydosporia appressorium-like structure forming a penetration hypha between two root cortical cells closely fitted in a plant-derived
membrane (arrowheads) at 3 dai. Bar, 5 pm. (c) Point of penetration of a cortical root cell by an F. equiseti hypha at 5 dai, with generation of
multiple intracellular invasive hyphae. Note the loss of viability of the penetrating hypha as shown by the lack of green fluorescent protein (GFP)
fluorescence (arrowhead). This image is a two-dimensional maximum projection of 16 optical sections acquired with a z-interval of 1.18 pm.
Bar, 10 pm. (d) Loss of viability of F. equiseti hyphae (arrowheads) colonizing root cortex cells at 3 dai, generated from viable GFP-expressing
hyphae, observed by the use of differential wavelength readings to detect separately the plant’s cell wall autofluorescence and FM4-64. co,
cortical cell; ep, epidermal cell; n, plant cell nucleus. This image is a two-dimensional maximum projection of 20 optical sections acquired with
a z-interval of 0.49 pm. Bar, 20 pm. (e) Root cortical cell colonized by both viable and unviable (arrowhead) P. chlamydosporia hyphae at 5 dai.
Bar, 10 pm. (f) Root cortical cells at 7 dai filled with degenerated F. equiseti hyphae detected by FM4-64 staining, with complete absence of
GFP-expressing hyphae. Bar, 20 ym. (g) Papilla formation in a root cortical cell to prevent invasion by F. equiseti hyphae between neighbouring
cells at 7 dai. Bar, 5 pm.
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Fig. 7 Detection of abundant production of fluorescent vacuoles in barley (Hordeum vulgare) roots inoculated with either Fe10331gfp or
Pc123gfp, observed by laser scanning confocal microscopy and staining with FM4-64. (a) Uninoculated control root with absence of fluorescent
vacuoles. Bar, 20 pm. (b) Overview of the disposition of vacuoles (arrowheads) in deep cortical cells in a Pc123gfp-colonized root at 7 d after
inoculation (dai). Bar, 20 pm. (c) Close-up of fluorescent vacuoles within a cortical cell in Fe10331gfp-colonized roots at 7 dai. Bar, 10 ym.
(d) Close-up of fluorescent vacuoles within a cortical cell in Pc123gfp-colonized roots at 7 dai. Bar, 10 um. co, cortical cell; ep, epidermal cell.

ITS-based Scorpion-PCR probe (Ciancio ez al., 2005). No
previous work on detection of £ equiseti using real-time PCR
has been published, although other Fusarium species have
been quantified on different substrates by the application of
TagMan probes (Gao eral., 2004; Waalmijk ez al., 2004;
Sarlin et al., 20006).

Real-time PCR quantification data were supported in
parallel by the monitoring of spatial and temporal patterns
of root colonization using GFP-tagged FE equiseti and
P chlamydosporia transformants observed by confocal micro-
scopy, which were obtained by genetic transformation
mediated by A. rumefaciens with two different vectors. For
both fungal species, stable transformants were obtained,
although the frequency of transformation was low. Optimi-
zation of the transformation protocol for each fungus should
increase its efficiency, as has been found for other fungal
species (Rho ez al., 2001; Sugui ez al., 2005). To the best
of our knowledge, this is also the first application of
A. tumefaciens-mediated transformation for both £ equiseti
and P chlamydosporia species. Genetic transformation of
Fusarium species has commonly been achieved by formation
of protoplasts. By contrast, protoplast-mediated 2 chlamydosporia
transformation has encountered difficulties because of the
mitotic instability of the transformants (Atkins ez al., 2004;
Ldpez-Serna, 2004).

Real-time PCR assays allowed us to detect amounts of
target DNA as low as 1 pg, as reported in other detection
studies (Atkins ez al., 2003; Gao et al., 2004; Waalmijk ez al.,
2004; Ciancio et al., 2005; Sarlin et al., 2006). Assays with
other related fungal species confirmed the specificity of
the primer—probe set for the detection of £ equiseti, while in
the case of P chlamydosporia complete specificity could not be
achieved, because detection of P rubescens (even with a high
C, value) by real-time PCR was obtained. The alkaline serine
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protease P32 (Lopez-Llorca, 1990) gene from P rubescens has
not been sequenced to date, in spite of our trials with primers
derived from the P chlamydosporia vcpl gene. This could
indicate significant differences in the gene sequences of
the two species. Nevertheless, the target DNA sequence for
MBPC was found to be identical for P chlamydosporia and
P rubescens, and therefore the low yield in real-time PCR
detection of the latter may be attributable to single nucleotide
polymorphisms in the primer-binding regions.

DNA extraction from unsterilized and surface-sterilized
roots allowed us to compare both overall and endophytic
populations of each fungal species colonizing the barley roots.
Previous work has shown the ability of sodium hypochlorite
to efficiently destroy nucleic acids from different samples
(Thornbury & Farman, 2000; Phe ez 4/., 2004). Therefore,
sodium hypochlorite-based surface sterilization of roots
would denature the DNA of epiphytes while that of
endophytes would remain available for amplification. For the
two fungi, quantification of the root colonization yielded
similar values, and colonization of the root surface was
always higher than colonization of internal root tissues. The
colonization ratios between surface-sterilized and unsterilized
roots found by real-time PCR were generally larger than those
obtained using culturing methods. When root colonization
was high (e.g. in unsterilized roots) the isolation rate obtained
by culturing was saturated (e.g. 100%), perhaps because this
method was not sensitive enough to detect differences in
fungal biomass (i.e. a root piece containing a single fungal
spore and a root piece completely covered by a hyphal
network would both be scored as showing positive growth).
We conclude that PCR-based techniques are more sensitive
than conventional culturing methods, although an increase
in the sample size of the latter could make results more
comparable.
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Spatial analysis of F equiseti and P chlamydosporia within
barley roots using laser confocal scanning microscopy revealed
the patterns and dynamics of root colonization. Both fungal
species formed a dense hyphal network on the root surface,
while single hyphae penetrated and colonized epidermal
and cortical cells. Nevertheless, colonization patterns varied
substantially between F equiseti and P chlamydosporia.
Colonization of roots by Fel0331gfp closely followed that
observed for the wt £ equiseri Fe10331 in Macid-Vicente ez al.
(2008b); however, further information was obtained as a
result of the enhanced contrast between hyphae and root
tissues achieved by use of GFP-expressing strains. This
allowed an easier detection of hyphal clusters and swellings
within host root cells, which could be related to nutrient
absorption, and intercellular septate structures resembling
chlamydospores. Colonization of barley roots by Pc123gfp
was slower than that of F equiseti, probably because of the
slower growth rate of the former. Root colonization patterns
of the GFP-tagged P chlamydosporia confirmed observations
for the wt Pc123 in Bordallo ez a/. (2002). During the first
colonization events, P chlamydosporia colonized the root as a
single hypha exploring the root surface, usually in regions
with an abundance of root hairs (probably because of initial
attachment to these by conidia), which developed into a
hyphal net surrounding the root. Penetration of the root
epidermis occurred mostly through cell walls via the formation
of appressorium-like structures, and colonization was
predominantly intracellular.

We also found evidence for formation of a membrane
sheath by the host plant sealing the penetrating hyphae of
the endophytic fungi within root cells. This is similar to the
plant-derived extra-invasive hyphal membrane (EIHM)
described for the rice invasion events of the blast fungus
Magnaporthe oryzae (Kankanala et al., 2007). These structures
are also well known in arbuscular mycorrhizal (AM) symbioses.
The narrow space between the plant membrane and the hyphal
cell wall is filled by extracellular matrix material similar in
composition to the primary cell wall (Balestrini & Bonfante,
2005). This is an active signalling interface between the host
plant and AM fungus to establish the symbiosis at cellular and
molecular levels (Genre ez al., 2005). In our study, F equiseti
and P chlamydosporia did not maintain the integrity of the
membrane sheath, as it could not be stained with FM4-64 in
the later stages of cell colonization. Barley cell membrane
sheaths would prevent symplast invasion in the early stages
of colonization, and their later degradation would lead to
subsequent penetration of hyphae into the cell lumen.

The endophytic behaviour observed for both £ equiseti and
P chlamydosporia is probably responsible for the elicitation of
the plant defence systems, with formation of abundant
papillae within the cells, as previously observed by Bordallo
et al. (2002), and vacuoles. Autofluorescence of the vacuole
content may also indicate the presence of phenolic com-
pounds, which are produced in response to fungal infection
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and directly fluoresce upon excitation under the laser confocal
microscope (Hutzler ez al., 1998). This might also explain the
presence in these root regions of degraded or nonfluorescent
hyphae within the plant tissues. These hyphae were easily
detected using FM4-64 staining. Whether the DNA contents
of these hyphae remain undegraded or not will require further
investigation, such as the application of 7% situ PCR or reverse
transcriptase (RT)-PCR techniques to detect the potential
activity of the nucleus in degraded hyphae (Haase ez /., 1990;
Seddas ez al., 2008). Confirmation of hyphal death resulting
from the host response, and development of living hyphae in
new parts of the root as a way to escape the defence reaction,
would provide an example of the balanced antagonism
hypothesis for endophytes proposed by Schulz ez a/. (1999).
However, fungal DNA may remain undegraded within the
root tissues, as has been found for plant DNA (Chiter ez 4l.,
2000), and therefore quantification by real-time PCR would
lead to false positives. Gamper et al. (2008) described a lack of
correlation between the real-time PCR quantification of both
AM DNA and RNA within the host roots and the real hyphal
length measured by microscopy methods. This was attributable
to an uneven distribution of nuclei and physiological activities
between vital hyphae (which in many cases did not harbour
nuclei) and spores, as assessed by dual nuclear and vital
staining. In spite of these limitations, real-time PCR is a
valuable technique for quantification of total nucleic acid
contents of specific fungi within plant tissues, in combination
with the microscopy tools applied in this work.

Root endophytic performance by biocontrol fungi is an import-
ant factor for control of root pathogens, through phenomena
such as escape to competition with soil microbiota,
enhancement of plant growth, and modulation of plant
defences. In the present work we have developed two different
methodologies to study F equiseti and P chlamydosporia as
root endophytes and used live-cell imaging to study root
colonization. The availability of these tools will allow further
studies on the biology of these fungi and on their capacity
for biocontrol of root pathogens, in both semi-field and field
conditions. These studies are in progress in our laboratory.
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